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ABSTRACT The solution self-assembly of a heterobimetallic diblock copolymer with a 
crystallisable poly(ferrocenyldimethylsilane) (PFS) core-forming block and a corona-forming 
segment featuring a poly(cobaltoceniumethylene) (PCE) based polyelectrolyte/surfactant 
complex, PFS50-b-[PCE][AOT]50 (AOT = bis(2-ethylhexyl) sulfosuccinate), has been explored.  
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Fiber-like micelles were formed in selective solvents for the Co block, presenting a corona in 
which every repeat unit bears a charge. We found that key features of the 1D morphologies were 
dependent on both the polarity of the solvent medium and temperature. In the most polar of the 
explored solvent media (iPrOH), seeded growth from 1D seeds of PFS50-b-P2VP739 (P2VP  = 
poly(2-vinylpyridine)) yielded tapered B-A-B triblock co-micelles, where the width of the terminal 
B region derived from PFS-b-[PCE][AOT]n reduced on moving from the interface with the seed 
to the micelle termini. In addition, ca. 30 % of the micelles featured branching to yield multiple 
terminal blocks. On reducing the polarity of the solvent medium by the addition of 20% THF, the 
tapering of the micelles was no longer apparent, and the degree of branching was substantially 
increased to ca. 100 % of the population. With increased amounts of THF (30 %) the degree of 
branching reduced dramatically to ca. 3 %. In the least polar medium investigated (1:10 
iPrOH:EtOAc), linear triblock co-micelles formed in which the terminal blocks were of consistent 
diameter, with no evidence for tapering or branching. However, significant unsymmetric growth 
(i.e. a higher degree of growth from one seed terminus compared to the other) to give non-
centrosymmetric A-B diblock co-micelles was detected. Post self-assembly modification by 
coronal counterion exchange to alter the chemistry and solubility of the corona was also possible. 
Introduction 
Crystallisation-driven self-assembly (CDSA) describes the self-assembly process of amphiphilic 
block copolymers (BCPs) with a crystallisable core-forming block in selective solvents into 1D 
fibers and 2D platelets with a crystalline core.1-13 By employing a seeded growth mechanism3, 5, 14-
17 it is possible to control the length of the micelles in an ambient or near ambient temperature 
process termed ‘living’ CDSA that is analogous to living covalent polymerisations of molecular 
monomers, which is not possible for analogous micelles with amorphous cores.18 Key to the ability 
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to control the length of the self-assembled structures is that added, molecularly dissolved BCP 
(termed unimer) can grow epitaxially from the crystal faces at the termini of the micelles. The 
CDSA of BCPs containing PFS as a crystalline core-forming block has been extensively studied19 
and the seeded growth of these BCPs provides the possibility of forming complex architectures 
such as block co-micelles,3, 14, 20 branched micelles21-22 and two-dimensional platelets.17, 23-24 
Dynamic exchange of the individual BCP molecules between micelles is not detected at ambient 
temperatures, a feature promoted by crystallisation within the core, which kinetically traps the 
structures. This kinetic trapping is significant as it means that the dispersity does not increase over 
time. It is necessary for the corona-forming block to be well-solvated in the selective solvent to 
provide colloidal stability to the micelle. In addition, this block can be chosen to incorporate a 
range of different functionalities as long as it remains well solvated in the solvent system 
employed. For example, it is possible to form micelles with coronas that have hydrogen-bonding 
capabilities,25 pendant fluorescent dyes,26 and ligands which bind nanoparticles.27 Living CDSA 
can also be performed with an expanding range of crystallisable core-forming blocks including π-
conjugated or biodegradable materials.5, 28-31 
In 2009 our group reported the thermal ring-opening polymerisation (ROP) of a strained 
dicarba[2]cobaltocenophane monomer to yield high molar mass neutral 
poly(cobaltocenylethylene) (PCE), which features neutral cobaltocene units in the main chain of 
the polymer (Fig. 1).32 Upon one-electron oxidation of the cobaltocene units, 
poly(cobaltoceniumethylene), [PCE][X]n is formed, which is air- and moisture-stable with a 
variety of counter-anions (X = Cl, NO3, OTf (OTf = trifluoromethanesulfonate), Fig. 1).
32-33 
Cobalt-containing polymers are the subject of much current interest as a result of their attractive 
properties and potential biomedical applications.34-42 Cobaltocenium-containing polymers in 
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which the metallocene is located in a pendent side group have been recently shown to inhibit the 
activity of bacteria such as methicillin-resistant staphylococcus aureus (MRSA),34 which is able to 
hydrolyse β-lactam antibiotics by producing β-lactamase enzymes.43 The polymer acts as a 
macromolecular scaffold that protects β-lactam antibiotics from hydrolysis via electrostatic 
interactions, and also itself inhibits MRSA cells via membrane lysis by adsorption of the cationic 
polymer to the negatively charged MRSA cell wall.43 
 
Figure 1. Metal-containing polymers poly(ferrocenyldimethylsilane) (PFS), 
poly(cobaltocenylethylene) (PCE), [poly(cobaltoceniumethylene)]n+ ([PCE]n+), and 
heterobimetallic BCP poly(ferrocenyldimethylsilane)-block-
[poly(cobaltoceniumethylene)][triflate]n (PFSm-b-[PCE][OTf]n). 
The cooperative assembly of charged surfactants and oppositely charged building blocks, termed 
‘ionic self-assembly’, is an attractive method for forming functional hierarchically-ordered 
structures on the nanoscale.44-48 Of particular interest is the cooperative electrostatic binding of 
surfactants to oppositely charged polyelectrolytes. This can drastically alter the solubility and 
properties of the polyelectrolyte, affording highly ordered supramolecular structures with unusual 
mechanical, optical, biological and electrical properties.49 Previous work on PFS-based BCP 
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polyelectrolyte/surfactant complexes in the solid state has shown that the versatile ionic self-
assembly route can lead to novel functional thin-film and bulk morphologies.50-52 
We have previously shown that the two main-chain polymetallocenes, PFS and [PCE]n+, can be 
covalently linked via photolytic ring-opening polymerisation to form 
poly(ferrocenyldimethylsilane)-block-[poly(cobaltoceniumethylene)][triflate]n (PFS-b-
[PCE][OTf]n) (Fig. 1).53 This block metallopolymer is unusual for two main reasons. First, it 
features two main-chain metallocene-derived polymer blocks each based on different metals, and 
second, only one of these blocks ([PCE]n+) is a polyelectrolyte, with the PFS block being 
uncharged. The solution self-assembly of PFS-block-polyelectrolyte materials is virtually 
unexplored and detailed studies are currently limited to materials in which the corona of PFS-
based BCPs charge via the quaternisation of amino groups.54-56 When 100% of the amino groups 
were quaternized, spherical micelles were formed in water.54 However, in a separate study when 
between 1 and 3% of the corona was charged, platelet and scarf-like micelles formed.55 The 
significant differences in self-assembly behavior of PFS-block-polyelectrolyte materials compared 
to neutral PFS-based BCPs likely arises as a result of: i) the enhanced difference in solubility 
between the two blocks,53 ii) the dependence of the effective volume fraction of the corona on the 
chemical nature of the polyelectrolyte-anion segment, iii) the intra- and inter-coronal electrostatic 
interactions57 and associated structural rigidity of the polyelectrolytic segment compared to neutral 
coronas.58-59 Herein, we report studies of the seeded self-assembly of 
poly(ferrocenyldimethylsilane)-block-poly(cobaltoceniumethylene) materials that was enabled by 
replacement of the triflate counter ion of the polycobaltocenium block with a surfactant anion, 




a) Synthesis and Characterization of PFS-b-[PCE][AOT]n  
The BCP PFS50-b-[PCE][OTf]50 synthesized in our group in 2011 via a sequential photolytic 
ROP approach,53 was found to be only sparingly soluble in tetrahydrofuran (THF). As a result, the 
solution self-assembly of this material was challenging to control, and small spherical micelles 
were observed in solvent mixtures chosen to be selective for the [PCE][OTf]n block.
53 In the 
presence of cylindrical seed micelles (composed of PFS34-b-P2VP272 (P2VP = poly(2-
vinylpyridine)), growth of PFS50-b-[PCE][OTf]50 unimer was not only observed from the ends of 
the cylindrical seed, as is expected for epitaxial growth of BCPs with a crystallisable core, but was 
evident in three dimensions around the seed, as observed by transmission electron microscopy 
(TEM) and atomic force microscopy (AFM).53, 60 This self-assembly behavior differed 
significantly with the living CDSA of reported neutral PFS-based BCPs, where epitaxial growth 
occurs from the active seed ends in 1D or 2D.3  Due to the large difference in solubility of the 
neutral and polyelectrolytic blocks, it is expected that the unimer was poorly solvated and 
deposited very rapidly onto the seeds, forming kinetically trapped structures. 
We surmised that counterion exchange of the triflate anion for a surfactant anion such as bis(2-
ethylhexyl) sulfosuccinate (AOT) (Fig. 2a) would increase the solubility of the BCP in organic 
solvents and might aid self-assembly. We anticipated that this increased solubility should cause a 
slower rate of deposition of unimer onto the exposed crystal faces of the micelles during self-
assembly and allow for better control over the micelle structure. In a 9:1 mixture of THF:methanol 
(MeOH), PFS50-b-[PCE][OTf]50 was combined with 50 eq. of Na[AOT] and stirred for 24 h. Non-
complexed surfactant and by-product Na[OTf] were removed via precipitation and washing with 
MeOH (see Supporting Information for details). 1H DOSY NMR spectroscopy (Fig. S1) of the 
precipitated BCP product showed that the resonances arising from the [PCE]n+ main chain and 
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those of the AOT surfactant exhibited the same diffusion coefficient, suggesting ion-pairing of the 
surfactant to the polyelectrolyte block in CD2Cl2. The PFS50-b-[PCE][AOT]50 BCP was found to 
be readily soluble in THF (a marked increase relative to the triflate-paired starting material). DLS 
analysis confirmed that the material was molecularly dissolved, affording a well-defined peak with 
a hydrodynamic radius (Rh) of 7.5 nm and indicating negligible aggregation (Fig. S2). Attempted 
characterization by GPC in THF led to a single peak of relatively low dispersity (D = 1.20) with a 
molar mass lower than that expected (number-average molar mass Mn =10,570 gmol
-1 compared 
to a theoretical value of 43,950 gmol-1) which suggested that partial dissociation of the AOT from 




Figure 2. (a) Scheme showing the synthesis of PFS50-b-[PCE][OTf]50 and exchange of the [PCE] 
counterion in the synthesis of PFS50-b-[PCE][AOT]50 from PFS50-b-[PCE][OTf]50, (b) 
1H NMR 
of PFS50-b-[PCE][AOT]50 in CD2Cl2. 
b) Self-assembly in a highly polar medium (isopropanol) 
Initially, a unimer solution of PFS50-b-[PCE][AOT]50 in THF was added to PFS50-b-P2VP739 
seed micelles (Ln = 101 nm, Lw/Ln = 1.05) in isopropanol (iPrOH),
25 which is a good solvent for 
both P2VP and [PCE][AOT]n, and a very poor solvent for PFS. The resulting solution was aged 
for 16 h and then drop-cast onto carbon-coated copper grids. Once the solvent had evaporated, the 
sample was studied by TEM. Analysis of TEM images revealed that the added PFS50-b-
[PCE][AOT]50 unimer had grown from the ends of the PFS50-b-P2VP739 seeds producing BAB 
triblock co-micelles in which the width of the terminal block gradually decreased from the 
interface with the seed towards the end of the micelle, which we have termed a tapered morphology 
(Fig. S3 shows TEM images of micelles with a unimer:seed mass ratio of 5, 10 and 15 after ageing 
for 16 h). This growth differs significantly from the analogous self-assembly behavior of the 
original triflate-paired BCP PFS50-b-[PCE][OTf]50, which showed evidence of growth in all three 
dimensions around the seed micelle.53  
Small spherical micelles, whose formation was attributed to the kinetic trapping of unimer BCP 
into aggregates with amorphous cores,61-62 could also be observed by TEM after ageing the sample 
for 16 h (Fig. S3). In poor solvents for the core-forming block, rapid aggregation of this segment 
can occur to yield micelles with amorphous cores as there is insufficient time for the polymer 
chains to crystallize. Due to the relatively high molar mass of the core-forming blocks, even in the 
absence of core crystallinity, exchange of individual BCP molecules between aggregates and 
solution is slow and structural evolution to the thermodynamically preferred morphology can take 
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several months or longer, even infinitely long.63 Upon ageing for several months, the spheres 
disappeared (Fig. 3a), presumably as BCP molecules evolve from the amorphous, kinetically-
trapped assemblies to the thermodynamically preferred 1D micelles with crystalline cores. In 
addition, after ageing the sample for several months, a significant number of micelles featured 
branching points at a unimer:seed mass ratio of 15 (37%, Fig. 3a, see red circles). 
The tapered nature of these micellar structures was further explored by AFM. The PFS50-b-
P2VP739 seeds had an average height of 19 nm and width of ca. 68 nm (Fig. 3d, red trace), although 
the latter value should be considered with caution as it is expected that the long P2VP corona 
makes a significant contribution to the width of the seeds in particular.22 While the height of the 
terminal PFS50-b-[PCE][AOT]50 blocks remained constant (ca. 10 nm; Fig. 3c and 3d, blue, green 
and purple traces), traversing the newly formed segment along the micelle axis away from the seed 
interface, the width decreased dramatically from ca. 72 nm to 24 nm by AFM, (Fig. 3d, blue, green 
and purple traces). Close to the interface with the seed, the width of the newly formed terminal 
block is significantly greater than the height, but at the termini of the triblock co-micelle the height 
and width were found to be of similar dimensions. 
In general, for seeded growth of PFS BCPs, a linear relationship can be observed between the 
average length (Ln) of the micelles and the unimer:seed mass ratio, consistent with a living CDSA 
process.14 In this case, it was difficult to quantify the increase in length of the micelles in iPrOH 
as a product of the unimer:seed mass ratio, due to the tapering and occasional branching. 





Figure 3. (a) TEM image with red circles indicating branching points of micelles and (b) AFM 
height image of tapered triblock co-micelles formed by seeded growth of PFS50-b-[PCE][AOT]50 
from PFS50-b-P2VP739 seeds in iPrOH at a unimer:seed mass ratio of 15 at 21 °C after ageing for 
several months, (c) AFM height profile along length of micelle in inset of (b), (d) AFM height 
profiles of four sections along the triblock co-micelle. Scale bars = 2000 nm, insets = 500 nm. (For 
schematic inset in (a) green = P2VP, yellow = PFS and purple = [PCE][AOT]50) 
c) Self-assembly in a medium polarity medium (4:1 iPrOH:THF) 
In order to improve the solubility of the unimer during the self-assembly process, molecularly 
dissolved PFS50-b-[PCE][AOT]50 was added to PFS50-b-P2VP739 seed micelles in 4:1 
iPrOH:THF (as opposed to neat iPrOH used previously). As THF is a good solvent for both the 
PFS and [PCE][AOT]n blocks, solvent quality for the PFS-core forming block was improved using 
this mixed solvent system. At unimer:seed mass ratios of 5, 10 and 15, BAB triblock co-micelles 
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were observed by TEM after ageing overnight (Fig. 4a and S4). In contrast to the structures formed 
in iPrOH, neither pronounced tapering nor spherical micelles were evident. At a unimer:seed mass 
ratio of 15, the majority of micelles exhibited branching points in the terminal blocks; 66% of 
micelles had at least one branching point (Fig. 4a-c), a significantly higher degree than in iPrOH 
(37% of  micelles). The number of branches on either side of the seed varied, ranging from one to 
three branches per terminal block (see Fig. S5 for distribution of number of branches per micelle).  
AFM analysis showed that the terminal micelle segments (B), derived from PFS50-b-
[PCE][AOT]50 possessed a width near the seed interface of ca. 51 nm by AFM (Fig. 4c and d, 
blue trace, and S6), which is significantly less than for the tapered micelles in iPrOH (ca. 75 nm, 
Fig. 3d, blue trace). The width of a single branch (4:1 iPrOH:THF) (ca. 26 nm by AFM, Fig. 4d, 
green trace) is comparable to the width of the termini of the tapered structure (iPrOH) (ca. 24 nm, 
Fig. 3d, purple trace). In addition, the height of the terminal block is constant (ca. 10 nm, Fig. 4d) 
and corresponds closely to the height of the terminal blocks in the tapered micelles (ca. 10 nm, 
Fig. 3d). 
As with the seeded growth in iPrOH, it was not possible to quantitatively calculate the increase 
in length of the micelles as the unimer:seed mass ratio increased, due to the branching. However, 
qualitatively, the terminal segments of the micelles increased in cumulative length (taking into 
account any branches present) by a factor of ca. 3 on increasing the unimer:seed mass ratio from 




Figure 4. (a) TEM image and (b) AFM height image of branched triblock co-micelles formed by 
seeded growth of PFS50-b-[PCE][AOT]50 from PFS50-b-P2VP739 seeds in 4:1 iPrOH:THF at a 
unimer:seed mass ratio of 15 at 21 °C after ageing overnight, (c) Higher magnification of central 
section of a single micelle, with lines indicating where height profiles were measured, (d) Height 
profiles across sections of triblock co-micelle. Scale bars = (a and b) 2000 nm, (inset, a and b), 
500 nm, (c) 200 nm. (For schematic inset in (a) green = P2VP, yellow = PFS and purple = 
[PCE][AOT]50) 
As the addition of 20% THF to the solvent mixture had a significant impact on the observed 
micelle morphology, we investigated whether changing the minority solvent from THF to other 
solvents would again lead to the formation of modified structures. The complementary solvent 
added to iPrOH was varied from non-polar aprotic n-hexane and diethyl ether (Et2O) to more polar 
aprotic ethyl acetate (EtOAc) and polar protic MeOH, all of which are poor solvents for PFS. In 
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all self-assembly experiments (4:1 iPrOH:n-hexane, 4:1 iPrOH:Et2O, 4:1 iPrOH:EtOAc, 4:1 
iPrOH:MeOH) tapered structures were observed (Fig. S7), similar to the structures observed in 
pure iPrOH (Fig. 3), with kinetically trapped spheres particularly evident when hexane and diethyl 
ether were employed (Fig. S7b and c).  
d) Effect of ‘good solvent’ content and temperature on micellar morphology 
We also investigated whether the 1D micellar morphology could be altered by further varying 
the ratio of THF to iPrOH. PFS50-b-[PCE][AOT]50 unimer solution in THF was added to 1D 
PFS50-b-P2VP739 seeds in iPrOH:THF (at a constant unimer:seed mass ratio of 15), where the 
iPrOH:THF ratio of the seed solution was varied from 2:1 to 19:1. At the highest THF content of 
2:1 iPrOH:THF, the majority (ca. 97%) of triblock micelles showed epitaxial 1D growth to form 
linear micelles with a width of 22 nm by TEM and no observable tapering or branching (Fig. 5a 
and see S8a for distribution of number of branches per micelle). As the THF content was reduced 
to 4:1 iPrOH:THF (as previously discussed in Section b), linear (ca. 34%) and branched (ca. 66%) 
structures were observed, where almost all branched structures had a maximum of two branches 
growing from any seed terminus (Fig. 5b and S8b). Decreasing the THF content further to 9:1 
iPrOH:THF, tapering in the terminal blocks of the micelles became apparent (Fig. 5c). In addition, 
a small amount of the tapered micelles exhibited branching points in the terminal blocks (ca. 18%) 
(Fig. 5c and S8c). Reducing the THF content even further (19:1 iPrOH:THF) produced similar 
results to the experiment in 9:1 iPrOH:THF (Fig. 5d), in which tapering and a similar degree of 




Figure 5. TEM images of triblock co-micelles formed by seeded growth of PFS50-b-
[PCE][AOT]50 from PFS50-b-P2VP739 seeds in (a) 2:1 iPrOH:THF, (b) 4:1 iPrOH:THF, (c) 9:1 
iPrOH:THF and (d) 19:1 iPrOH:THF at a unimer:seed mass ratio of 15 at 21 °C and aged 
overnight. Scale bars = 2000 nm, insets = 500 nm. 
The effect of changing the self-assembly temperature from –16 to 21°C, and finally to 45 °C on 
the morphology of micelles obtained by seeded growth was also investigated. PFS50-b-
[PCE][AOT]50 unimer was added to PFS50-b-P2VP739 seeds in both iPrOH and 4:1 iPrOH:THF 
at a variety of unimer:seed mass ratios. In iPrOH, upon increasing the temperature the width of the 
tapered structures reduced and fewer branching points per micelle occurred (Fig. S3, S9 and S10). 
In 4:1 iPrOH:THF a morphological change was apparent for the micelles on increasing 
temperature from tapered and branched, to linear (Fig. 6, S11–S13). The micelles formed by 
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seeded growth at –16 °C (unimer:seed mass ratio of 15) displayed branching and/or tapering, with 
several branches per micelle (Fig. 6a). Analysis of the TEM images showed that ca. 98 % of 
micelles formed at –16°C were branched (see Fig. S13a for distribution of branches per micelle). 
As the temperature was increased to room temperature (21 °C), fewer of the micelles exhibited 
branches (66%) (Fig. 6b and S13b). Upon heating to 45 °C during the seeded growth experiment, 
the degree of branching was further reduced (only ca. 18 % of the observed micelles exhibit 
branching), with the major product instead consisting of linear triblock co-micelles with no 
discernible tapering and a width of 26 nm by TEM (Fig. 6c and S13c).  
 
Figure 6. TEM images of triblock co-micelles formed by seeded growth of PFS50-b-
[PCE][AOT]50 from PFS50-b-P2VP739 seeds in 4:1 iPrOH:THF at (a) –16 °C, (b) 21 °C and (c) 
45 °C at a unimer:seed ratio of 15 and aged overnight. Scale bars = 1000 nm. 
e) Seeded growth in a lower polarity medium (1:10 iPrOH:EtOAc) 
Although at a solvent mixture of 2:1 iPrOH:THF linear triblock co-micelles were formed with 
consistent widths for the terminal blocks (i.e. no tapering), increasing THF content further can lead 
to the formation of 2D platelet structures.61 To better solvate the PFS BCP unimer during self-
assembly without using a large amount of THF, we changed the selective solvent from iPrOH:THF 
to a 1:10 iPrOH:EtOAc solvent mixture. Significantly, under these conditions seeded growth of 
PFS50-b-[PCE][AOT]50 unimer from PFS50-b-P2VP739 seeds in 1:10 iPrOH:EtOAc at 21 °C led 
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to 1D micelles with consistent widths along the terminal blocks, with no detectable tapering or 
branching (Fig. 7a, c-d), similar to those observed in seeded growth experiments in 2:1 
iPrOH:THF. In neat EtOAc, micellar aggregates formed by seeded growth (Fig. S14 and S15), 
presumably due to the PFS50-b-P2VP739 seeds aggregating prior to unimer addition, as P2VP is 
not well solvated by EtOAc. Seeded growth experiments in 1:10 iPrOH:EtOAc were carried out 
with a variety of unimer:seed mass ratios to investigate whether the length of the micelles could 
be precisely controlled. A linear correlation was evident between unimer:seed mass ratio and the 
Ln of the micelles (Fig. 7b), indicating that the growth of PFS50-b-[PCE][AOT]50 unimer from 
PFS50-b-P2VP739 seeds in 1:10 iPrOH:EtOAc is a living process (see Fig. S16–S21 for TEM 
images of micelles and histograms of micelle length distribution for various unimer:seed mass 
ratios).14 AFM analysis showed that the height and width of the terminal block are consistent along 
its length, ca. 10 nm and 20 nm, respectively (Fig. 7e, blue and green trace), which are both 
substantially less than the values determined for the PFS50-b-P2VP739 seed (Fig. 7e, red trace, 
height = 14 nm, width = 62 nm). These values correspond well to the height and width of the end 
of the tapered micelles (Fig. 3d, purple trace) and a single branch of the branched micelles (Fig. 




Figure 7. (a) Schematic showing seeded growth of PFS50-b-[PCE][AOT]50 unimer from PFS50-
b-P2VP739 seeds, (b) Graph showing the average length (Ln) of triblock co-micelles vs. the 
unimer:seed mass ratio, (c) TEM image and (d) AFM height image of linear triblock co-micelles 
formed by seeded growth of PFS50-b-[PCE][AOT]50 from PFS50-b-P2VP739 seeds in 1:10 
iPrOH:EtOAc at a unimer:seed mass ratio of 5 at 21 °C, after ageing overnight, (e) Height profiles 
across the central seed segment (red trace) and terminal block (blue and green traces) of a triblock 
co-micelle. Scale bars = 500 nm. (For schematic in (a) green = P2VP, yellow = PFS and purple = 
[PCE][AOT]50) 
Interestingly, unsymmetric growth in 1:10 iPrOH:EtOAc (i.e. more pronounced growth of 
terminal block from one terminus of the seed micelle compared to the other), was detected by TEM 
(Fig. 8). The unsymmetric growth was most pronounced at low unimer:seed mass ratios, but could 
still be observed in micelles over a micron in length, as the seed segment was not positioned in the 
centre of the triblock co-micelle. In an attempt to quantify the observed unsymmetric growth, the 
lengths of each terminal block were measured as well as the total length of the micelle for over 
200 micelles by analysis of TEM images. At a unimer:seed mass ratio of 1, 63% of the resulting 
micelles showed no observable epitaxial growth from the seed, 30 % of the micelles exhibited 
growth from one of the two faces of the seeds, forming an AB-type micelle (where A is the seed 
block and B is the newly grown block) and in only 7% of the micelles was unimer addition to both 
faces of the seeds evident, to form the expected BAB-type micelle (Fig. 8a). On increasing the 
unimer:seed mass ratio to 2, this distribution was reversed in order, with no inactive seeds, 21% 
AB-type micelles and  79% BAB-type micelles (Fig. 8b). As the mass of unimer relative to the 
mass of seeds increased further, the number of seed faces with no unimer addition decreased until 
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at a unimer:seed mass ratio of 4, no inactive seeds, 3% AB-type and 97% BAB-type micelles were 
observed (Fig. 8d). 
 
Figure 8. TEM images of linear triblock co-micelles formed by seeded growth of PFS50-b-
[PCE][AOT]50 from PFS50-b-P2VP739 seeds in 1:10 iPrOH:EtOAc at unimer:seed mass ratios of 
(a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 10. Scale bars = 2000 nm. 
Also of interest regarding the unsymmetric micelle growth was the difference in the lengths of 
the two terminal blocks of each triblock co-micelle and how this difference changed as the 
unimer:seed mass ratio increased. The length of both terminal blocks (Lx) per micelle, as well as 
the overall length of the micelle (L), were measured for all micelles (see Table 1). The difference 
between the lengths of the two terminal blocks on each micelle (ΔLx) was calculated and divided 
by the total length of the micelle (L), then averaged for over 200 micelles. As the unimer:seed 
mass ratio increased from 2 to 5, the difference in length of the two terminal blocks (ΔLx) remains 
 
 19 
constant (ca. 90 nm, Table 1), even as the overall micelle length L did increase with unimer:seed 
mass ratio. The fact that ΔLx remained relatively constant suggests that there is an initial lag to 
unimer addition to the seeds, which is independent of the unimer concentration. The data for 
unimer:seed mass ratio of 1 is anomalous due to a large percentage of seeds possessing no terminal 
block, meaning that ΔLx is 0.  
 
Table 1. (a) Schematic describing the values L and Lx for a linear triblock co-micelle, (b) table 
showing length parameters for micelles in 1:10 iPrOH:EtOAc at 21 °C. L is the length of the 
micelle, Lx is the length of the terminal block and ΔLx is the difference in length between the 
terminal blocks per micelle. (For schematic in (a) green = P2VP, yellow = PFS and purple = 
[PCE][AOT]50) 
 
f) Seeded growth using with seeds possessing different coronal chemistry 
 Having successfully formed triblock co-micelles in 1:10 iPrOH:EtOAc with a constant 
width  along the terminal blocks (Fig. 7), we attempted the seeded growth of PFS50-b-
[PCE][AOT]50 unimer from seeds with coronas other than P2VP. It was possible to form linear 
triblock co-micelles in 1:10 iPrOH:EtOAc with both PFS46-b-PMVS444 (PMVS = 
polymethylvinylsilane) and PFS53-b-(PEO-g-TEG)136 (PEO = polyethyleneoxide, TEG = 
tetraethyleneglycol) seeds (Fig. S22-23 and S25-26 respectively). Growth from both seed samples 
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were living CDSA processes with good control over the length of the micelles (Fig. S24 and S27). 
Self-assembly of PFS50-b-[PCE][AOT]50 in the absence of seeds via self-nucleation in acetone 
gave long fiber-like micelles that appear to aggregate on solvent removal (Fig. S28). Seeds could 
be formed from these PFS50-b-[PCE][AOT]50 micelles by sonication, however subsequent 
addition of PFS50-b-[PCE][AOT]50 unimer led to micelle growth with poor control over the length 
of the micelles (Fig. S28). It is expected that the [PCE][AOT] corona is not sufficiently well 
solvated to allow for controlled seeded growth. Future studies will aim to improve the colloidal 
stability of PFS50-b-[PCE][AOT]50 seeds so that micelles containing exclusively PFS50-b-
[PCE][AOT]50 can be accessed. 
 The growth of PFS50-b-[PCE][AOT]50 unimer from PFS53-b-(PEO-g-TEG)136 seeds was 
also investigated in iPrOH and 4:1 iPrOH:THF (Fig. 9). As the seeds (Fig. 9a) did not possess high 
electron density coronas, it was expected that more insight could be gained into the structure of 
the triblock co-micelles at the interface between the seed and terminal blocks. Seeded growth in 
iPrOH at a unimer:seed mass ratio of 10 produced tapered structures (Fig. 9b), similar to those 
observed during seeded growth experiments with PFS50-b-P2VP739 seeds. We assumed that only 
the metal-containing micelle cores of the assemblies were observable by TEM due to the high 
electron density. Measuring over 200 micelles in each sample by TEM, the widths of the seeds 
and the tapered structures were calculated to be 13 nm and 33 nm, respectively (the tapered 
micelles were measured at their widest points and the value decreased to 19 nm at the micelle 
termini). Growth in 4:1 iPrOH:THF also showed tapering, with wider micelle cores in the centre 
(Fig. 9c). However, the widths of the structures in 4:1 iPrOH:THF were measured to be 24 nm, 
less than the micelle widths in iPrOH. In both iPrOH and 4:1 iPrOH:THF the triblock co-micelles 




Figure 9. TEM images of (a) PFS46-b-(PEO-g-TEG)156 seed micelles, Ln = 35 nm and triblock 
co-micelles formed by seeded growth of PFS50-b-[PCE][AOT]50 from PFS53-b-(PEO-g-TEG)136 
seeds in (b) iPrOH and (c) 4:1 iPrOH:THF. Scale bars = 500 nm. The seed micelles in (a) possess 
a significant population of platelet impurities. These were not found to affect subsequent seeded 
growth (see Fig. S25-27) and are therefore presumably insoluble in the solvent medium used. 
g) Counter-Ion Exchange 
Next, we investigated whether the surfactant counter-anion could be replaced by a halide after 
self-assembly had taken place, in order to produce micelles that would be colloidally stable in 
aqueous media. The possibility of changing the counterion of the [PCE]n+ corona offers an 
attractive opportunity to alter the chemical functionality and solubility of the micelles simply and 
modularly. It should also be possible to form micelles that would not have been possible by seeded 
growth due to the insolubility of the required unimers.  
The AOT surfactant was exchanged for a bromide anion (Br–), as [PCE][Br]n homopolymers are 
known to be readily soluble in water.34 After ageing for 16 h, large uncontrolled aggregates of 
fiber-like micelles could be detected by TEM (Fig. 10b). We believe this is due to the newly 
formed [PCE][Br]n corona being insoluble in the organic solvent mixture. Upon addition of excess 
water, the micelles re-dispersed (Fig. 10c), however dialysis to remove excess salt caused 
significant fragmentation of the micelles (Fig. S29), potentially due to interaction of the 
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polyelectrolyte corona with the dialysis tubing. An alternative possibility based on a recent report 
is that the fragmentation of micelles occurs due  to an increase in osmotic pressure on addition of 
water.28 It is envisaged that a range of functional counterions could be complexed to the 
polyelectrolytic [PCE]n+ corona block and, with careful solvent selection, these could be re-
dispersed post complexation. 
 
Figure 10. TEM images of (a) triblock co-micelles formed by seeded growth of PFS50-b-
[PCE][AOT]50 from PFS53-b-(PEO-g-TEG)136 seeds in 1:10 iPrOH:EtOAc at a unimer:seed 
mass ratio of 50 at 21 °C, diluted in iPrOH to give a final solvent composition of  1:1 
iPrOH:EtOAc, (b) triblock co-micelles M(PFS50-b-[PCE][Br]50)-b-M(PFS53-b-(PEO-g-
TEG)136)-b-M(PFS50-b-[PCE][Br]50) in 1:1 iPrOH:EtOAc, (c) triblock co-micelles M(PFS50-b-
[PCE][Br]50)-b-M(PFS53-b-(PEO-g-TEG)136)-b-M(PFS50-b-[PCE][Br]50) in 8:1:1 
water:iPrOH:EtOAc. Scale bars = 2000 nm. 
Discussion 
We have examined the self-assembly of PFS50-b-[PCE][AOT]50 under numerous seeded growth 
conditions. PFS BCPs with a 1:1 degree of polymerization ratio of the core- to corona-forming 
blocks usually form 2D micelles.64 In the present study, addition of PFS50-b-[PCE][AOT]50 
unimer to seed micelles always led to generation of 1D micelles despite the 1:1 block ratio. We 
attribute this difference to the large effective volume of the solvent-swollen coronal block that 
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includes a substantial contribution from the AOT anions. The combination of these factors would 
be expected to favor a high degree of curvature of the core-corona interface and to therefore yield 
1D rather than 2D assemblies.  
In polar solvents, such as iPrOH, PFS is very poorly solvated (Hildebrand solubility parameters; 
δPFS = 18.7 MPa
1/2, δiPrOH = 23.8 MPa
1/2). Under these conditions presumably some precipitation 
of the PFS50 segment in the PFS50-b-[PCE][AOT]50 unimers as kinetically trapped spheres with 
an amorphous PFS core occurs before the seed termini are encountered (Fig. S3), which is 
consistent with previous results in the literature.53, 61, 65 In addition, the formation of tapered 
structures (Fig. 3) was detected under these seeded growth conditions. Initially, the seed appears 
to induce cylinder elongation in which the newly grown region is of similar width (but of reduced 
height) compared to the PFS50-b-P2VP739 seeds. As the terminal blocks consisting of PFS50-b-
[PCE][AOT]50 grow further, the micelle core width reduces, producing a distinct tapering effect. 
It is expected that a higher degree of chain folding would reduce the areal density of the swollen 
[PCE][AOT] coronas, which have a large effective volume and potentially also Coulombic 
repulsions.22 This increase in the degree of chain folding would lead to micelle cores with narrower 
widths. The formation of branched structures under slightly different solvent conditions can also 
be explained by the preference for high degrees of chain folding of PFS50-b-[PCE][AOT]50, which 
allows multiple cylinders of lower width to grow from the exposed faces at the end of the seed 
micelles (Fig. 4c).22 In contrast, at elevated temperature, or in solvent media that are less poor for 
PFS such as iPrOH containing substantial amounts of THF (δTHF = 18.5 MPa
1/2) or EtOAc (δEtOAc 
= 18.2 MPa1/2) linear cylinders of uniform width are formed rather than branched or tapered 
structures. In these cases the formation of a uniform, chain-folded core is probably favored by the 
reduced rate of crystallization-driven growth.22, 66 Previously, ABC miktoarm star polymers were 
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shown to undergo self-assembly yielding a variety of morphologies as a function of the pH of the 
self-assembly solution.67 
 Surprisingly, addition of PFS50-b-[PCE][AOT]50 unimer to PFS50-b-P2VP739 seeds in 
1:10 iPrOH:EtOAc led to block co-micelles that exhibited unsymmetrical growth, i.e. the growth 
of the terminal block from one of the seed termini was more pronounced than from the other (Fig. 
8). This suggests that the initial addition of the unimer to a seed terminus is disfavored. This 
behavior may be a consequence of the very long, swollen P2VP block (δP2VP = 20.6 MPa
1/2)68 
present in the seeds, which would be expected to produce a steric barrier to incoming unimer as it 
approaches the faces at the seed termini. Following successful but slow addition to one face of the 
seed, the steric barrier to further unimer addition at this site would be reduced as the terminus on 
the elongated micelle becomes more distant from the P2VP seed corona.   Consistent with this 
explanation, at lower unimer:seed mass ratios, the barrier caused by the long P2VP corona 
blocking access to the crystal faces at the seed termini leads to a large proportion of unimer 
addition to relatively few seed faces, producing a mixture of BAB-type micelles, AB-type micelles 
and seeds. Only at a unimer:seed mass ratio of 5 is there unimer addition to all of the seed micelle 
termini (Fig. 8 and Table 1). The concentration of unimer is higher and therefore the frequency of 
unimer encountering seed termini is expected to increase, leading to solely triblock co-micelles. 
Interestingly, even at high unimer:seed mass ratios, the difference in length of the terminal blocks 
remains (Fig. 8d-f), suggesting that the effects of the unfavorable initial unimer addition step is 
still present. 
Conclusions 
 We have studied the CDSA of a heterobimetallic BCP polyelectrolyte/surfactant complex, 
PFS50-b-[PCE][AOT]50. Seeded growth was possible and the resulting micellar morphology 
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(linear, branched or tapered) could be varied by changing the solvent conditions or the temperature. 
The experimental conditions presumably affect the solubility of the PFS unimer and hence the 
speed of deposition and crystallisation onto the faces of the seed termini. Under poorly solvated 
conditions tapered and branched structures were formed and further work is needed to understand 
the subtle factors that influence the morphologies formed.  On increasing the solubility of the PFS 
unimer, deposition occurred in a more controlled manner leading to the formation of linear micellar 
structures. Colloidally stable micelles with a charged corona are of interest for the potential of 
loading with functional cargoes, as well as their possible interactions with oppositely charged 
surfaces or colloids. 
 Seeded growth experiments in 1:10 iPrOH:EtOAc at a unimer:seed ratio 1:1 produced a 
mixture of seeds with no unimer added, seeds with unimer addition on one face (AB-type 
micelles), and seeds with unimer addition on both faces (BAB-type micelles). We postulate that 
initial addition of the unimer to the seeds is sterically hindered by the long, solvent swollen P2VP 
corona of the seeds blocking the faces of the seed termini. At larger unimer:seed ratios unimer 
addition to all the faces of the seed termini occurred, however unsymmetric growth was still 
observed. 
 Post self-assembly exchange of the [AOT]– surfactant for an Br– counteranion dramatically 
altered the solubility of the micelles, leading to aggregation in organic solvents. However, on 
addition of water, the micelles could be re-dispersed. This offers an attractive opportunity to 
chemically modify the corona post self-assembly in a manner that does not affect the morphology 
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